We have studied human melanoma cell (C8161) adhesion and migration in response to stimulation by soluble collagen IV (CIV) using a modified Boyden chamber. In this modified chamber, shear flow can be introduced over the cell-substrate interface, affecting tumor cell chemotactic migration through a microporous filter. A relatively high level of intercellular adhesion molecule-1 (ICAM-1) was found on C8161 cells. In contrast, levels of ␤ 2 -integrins (e.g., LFA-1 and Mac-1), the molecules that would be necessary for C8161 stable adhesion to the endothelium substrate, were found to be very low on these melanoma cells. As a result, C8161 transendothelial migration under a flow condition of 4 dyn/cm 2 decreased by 70% as compared to static migration. When human neutrophils (PMNs) were present in the tumor cell suspension, C8161 migration recovered by 85% over C8161 cells alone under the 4 dyn/cm 2 flow condition. Blocking ICAM-1 on C8161 cells or Mac-1 on PMNs significantly inhibited C8161-PMN adhesion and subsequent C8161 migration through the endothelium under flow conditions. In addition, increased interleukin-8 production and Mac-1 expression by PMNs were detected when they were co-cultured with C8161 melanoma cells. These results suggest that transmigration of C8161 cells under flow conditions can be influenced by PMNs, mediated by Mac-1/ICAM-1 adhesive interactions and enhanced by altered cytokine production.
The initial step in melanoma extravasation is tumor cell adhesion to the endothelium of capillaries. However, the cellular and molecular mechanisms responsible for regulating melanoma adhesion are still poorly defined. It has become evident from in vivo studies [1] [2] [3] [4] that the mechanisms utilized by leukocytes and metastatic tumor cells to adhere to a vessel wall prior to extravasation are very different.
Human leukocytes, including neutrophils (PMNs), actively participate in the inflammatory response via adhesion to the vascular endothelium. [5] [6] [7] Significant progress has been made in the past decades toward understanding how PMNs roll along the endothelium before forming shear-resistant bonds. Detailed studies of cell-cell interactions suggest that the selectins are required for the initial rolling of leukocytes on activated endothelium. 8, 9 Whereas the much stronger binding, responsible for prolonged shear-resistant attachment, is mediated by ␤ 2 -integrins (Mac-1 or LFA-1) expressed on the leukocyte and ICAM-1 (intercellular adhesion molecule-1) on the endothelial cells. 10 Several studies have suggested that LFA-1 to ICAM-1 adhesion is important in initial endothelial capture of PMNs, while Mac-1 and ICAM-1 interaction forms shear-resistant bonds to stabilize PMN-endothelium adhesion. 11, 12 The question of whether or not these mechanisms apply to tumor cells remains.
How do tumor cells bind to the endothelium? One observation from in vivo video microscopy has indicated that tumor cells can be trapped in capillaries and only arrest on the endothelium on the basis of vessel-size restriction in the microcirculation of whatever organ or tissue they extravasate. 1 In contrast, another in vivo study has discovered that the B16F1 melanoma cells could become arrested by shear flow-resistant adhesion to the walls of presinusoidal vessels in mice pretreated with the cytokine Interleukin-1␣ (IL-1␣). 3 Clearly, those studies are somewhat contradictory and additional work is required to characterize the event of tumor cell-endothelium adhesion.
In general, either the host immune response or extreme hemodynamic forces will destroy tumor cells before they have any chance to attach to a blood vessel surface. However, there are examples of tumor cells exploiting leukocytes and enhancing binding and metastasis. 13, 14 Human PMNs, which comprise 50 -70% of circulating leukocytes and are usually cytotoxic to tumor cells, have been shown under certain circumstances to promote tumor adhesion and transendothelial migration. 15 A role for PMNs in metastasis was suggested by a study that showed that PMNs and activated macrophages increased the ability of rat hepatocarcinoma cells to adhere to an endothelial monolayer. 16 Furthermore, tumor-elicited PMNs, in contrast to normal PMNs, were found to enhance metastatic potential and invasiveness of rat mammary adenocarcinoma cells in an in vivo tumor-bearing rat model. 14 Using light and electron microscopy, circulating PMNs were discovered in close association with metastatic tumor cells including at the time of tumor cell arrest. 17 Although these studies suggest that PMNs can enhance tumor cell adhesion, there is little understanding of the mechanisms potentially involved.
Melanoma cells have been found to produce many chemokines. Two chemokines of particular interest are monocyte chemotactic and activating factor (MCAF) and interleukin-8 (IL-8). Soluble MCAF (also known as monocyte chemotactic protein MCP-1/ CCL2) has been shown to augment monocyte cytostatic activity. 18 The second, soluble IL-8, possesses neutrophil chemotactic and activating capacities 19, 20 in addition to T-lymphocyte chemotactic activity. 21 Although several pro-inflammatory cytokines and chemokines have been implicated in influencing adhesive properties of transformed cells, IL-8 is of particular interest. In addition to activating and recruiting leukocytes at sites of inflammation, IL-8 promotes the growth of some tumors and production is associated with metastatic potential. 22 The advancement of experimental assays to characterize cellular adhesion and migration are in a period of rapid development. [23] [24] [25] [26] For example, PMN-endothelium adhesion has been widely examined using various in vitro experimental systems such as the parallel-plate flow chamber whereas leukocyte and tumor cell migration has been studied using the Boyden-chemotaxis chamber.
However, the limitation of these assays is that each is restricted to modeling either only adhesion under flow conditions or migration under static conditions and does not permit investigating how dynamic flow conditions alter cell extravasation. One motivation of our study is to develop a new approach to studying tumor cell adhesion and migration using a novel in vitro flow-migration assay, 26 which will allow us to investigate cellular and molecular mechanism of PMN-mediated melanoma cell extravasation under dynamic shear-flow conditions.
MATERIAL AND METHODS

Cell culture
C8161.c9 melanoma cells (provided by Dr. D. Welch, Penn State Medical Center) were maintained as described previously. 27 C8161 cells were also transfected to constitutively express green fluorescent protein (GFP) and maintained as described elsewhere. 28 C8161 cells were prepared in both stimulated and unstimulated cases. Stimulated C8161 cells were treated with IL-8 (10 ng/ml, 1 hr) (R&D System, Minneapolis, MN), Tumor Necrosis Factor-␣ (TNF-␣; 10U/ml, 24 hr) (R&D System) or Phorbol 12-myistate 13-acetate (PMA; 100 ng/ml, 20 min) (Sigma Chemical Co., St. Louis, MO) to specifically upregulate ICAM-1, Mac-1 or LFA-1, respectively. C8161 cells were treated with antibodies by incubating 1ϫ10 6 cells with 5 g of IgG anti-human ICAM-1 (CalTag Laboratories, South San Francisco, CA) or IgG anti-GFP (Sigma Chemical Co.) in blocking buffer (PBS with 5% calf serum and 2% goat serum) for 30 min at 37°C. Prior to each experiment, C8161 cells were detached when nearly confluent and suspended in fresh medium and allowed to recover for 1 hr while being rocked at a rate of 8 times per minute (rpm) at 37°C. The cells were then resuspended to a concentration of 1ϫ10 6 cells/ml in serum free DMEM-F12 supplemented with 0.1% w/v BSA (Sigma Chemical Co.) and allowed to rock (8 rpm) at 37°C for an additional hour.
Neonatal melanocytes (NHEM; Cambrex-Clonetics, E. Rutherford, NJ) cells were maintained in manufacturer's EGM-2-MV medium. Prior to each experiment the cells were detached and rocked (8 rpm) for 1 hr in culture medium at 37°C and then for an additional hour in RPMI 1640 with 0.1% w/v BSA. The viability of detached NHEM cells has been tested; approximately 80% of the detached NHEM cells were found to be viable both immediately after detachment and after 2 hr of preparatory rocking.
Fibroblast L-cells that had been transfected to express human ICAM-1 (EI cells; provided by Dr. S. Simon, UC Davis) were maintained in culture as described elsewhere. 34 ICAM-1 levels on EI cells were shown to be comparable with IL-1␣ stimulated human umbilical vein endothelial cells (HUVEC) 29 and were used as a substrate for cell adhesion and a model endothelial cell in our study. To block ICAM-1, EI monolayers were incubated in blocking buffer with 10 g of IgG anti-human ICAM (CalTag Laboratories) at 37°C for 30 min. The cell monolayer was then gently washed with warmed media prior to the experiment to remove excess antibody.
Neutrophil isolation
Fresh blood was obtained from healthy adults under informed consent as approved by The Pennsylvania State University IRB. Neutrophils (PMNs) were isolated and enriched using FicollHypaque gradient (Sigma Chemical Co.). The isolated PMN layer was first suspended in 0.1% human serum albumin (HSA; Sigma Chemical Co.) in DPBS and washed. The cell pellet was then suspended in ACK lysis buffer (0.15 M NH 4 Cl, 10.0 mM KHCO 3 and 0.1 mM Na 2 EDTA in distilled H 2 O) for 5 min to remove red cells. Finally, the cells were washed and resuspended in 0.1%HSA/ DPBS at a concentration of 1ϫ10 6 cells/ml. The PMNs were rocked (8 rpm) at 37°C until they were assayed, which was usually within 2 hr. To activate cells, PMNs were also treated with IL-8 (10 ng/ml, 1 hr). Mac-1 was functionally blocked by treating the cells with 5 g of IgG anti-human Mac-1 (CalTag Laboratories) per 1ϫ10 6 cells in blocking buffer for 30 min at 37°C. Fixed cells were prepared by suspending cells in 4% paraformaldehyde and incubated at 4°C for 1 hr. The cells were then washed and resuspended in media in a concentration appropriate for the experiment. Cell death was verified using trypan blue.
Flow-migration chamber assay
The in vitro flow-migration device is a modified 48-well chemotactic Boyden chamber that has been recently developed (Fig.  1) . 26 In brief, the polycarbonate chamber consists of a top and bottom plate separated by a gasket. The bottom plate has 48 centered chemotactic wells and screws around the perimeter to affix the top plate. The top plate has an inlet and outlet allowing for circulating flow through the chamber. The gasket is an 11 cm ϫ 5.5 cm piece of 0.02 inch-thick silicon (SFMedical, Hudson, MA), in which a 7 cm ϫ 2 cm opening was cut from the center for the flow field. The wall shear stress ( w ) is related to the volumetric flow rate (Q) by w ϭ6Q/w(h 2 ), where is the fluid viscosity, h is height and w is width of the flow field. PVP-free polycarbonate filters (8 m pore size; NeuroProbe, Gaithersburg, MD) were sterilized and coated with fibronectin (30 g/ml, 3 hr) (BD Biosciences, Lexington, KY). Prior to each experiment, a monolayer of EI cells was grown nearly to 100% confluence on prepared filters (typically 36 -48 hr after seeding with cells).
The chamber's center 12 wells (Fig. 1) were filled with soluble chemoattractant, type IV collagen (CIV; 50 or 100 g/ml in RPMI 1640/0.1% BSA) (BD Biosciences) 25, 30, 31 and control wells were filled with medium (RPMI 1640/0.1% BSA). The flow loop was primed with warmed medium to eliminate bubbles in the system. The chamber was assembled by pipetting the cells of interest (C8161 only; PMN only; or C8161ϩPMN together) into the flow field allowing the cells to presettle on the monolayer substrate for approximately 10 min. An equal number of each cell types was put in the chamber, 5ϫ10 5 cells; in the case of C8161ϩPMN a total of 6 cells were put in the chamber. Finally, the fittings were tightened and the entire apparatus was placed in a 37°C, 5% CO 2 incubator. Initially a very slow flow (2 ml/min) was pumped through the system. The flow rate was then increased to the desired rate (0 -20 ml/min). Experiments were run at a selected wall shear stress (0, 2 and 4 dyn/cm 2 ) for a predetermined length of time (1, 3 and 4 hr). When the assay was completed, the flow chamber was removed from the flow loop and disassembled and the filter was gently removed and imaged either by fluorescence microscopy and then stained with Protocol Brand Hema3 solution (Fisher Scientific, Pittsburgh, PA) or immediately stained. The cells on the bottom side of the filter were imaged using an inverted microscope and captured via NIH Image (v. ␤4.0.2) on a PC. Three images of each migration filter were quantified and averaged for each data point. For each data point, at least 3 filters were analyzed. Random PMN and C8161 migration were subtracted from each sample and no C8161 cells were found in the chemoattractant wells after 4 hr of migration.
Statistical analysis of cell-migration data
Statistical significance between cases tested in the flow migration chamber was determined by the unpaired t-test on Sigma Plot (v. 8.0) with the corresponding p value reported for each case. All error bars on flow migration data histograms represent the standard error of the mean (SEM).
Adhesion assay
Cell-cell adhesion strength was measured by using the parallelplate chamber assay. The glass substrate of the flow chamber had a confluent monolayer of EI cells. The cell suspension, prepared with fluorescein (FITC)-labeled C8161 cells with or without tetramethylrhodamine (TRITC)-stained PMNs, was perfused through the flow chamber until suspending cells reached the field of view and settled down to the chosen monolayer substrate. For the duration of an experiment, the flow was introduced in 10 -20 sec intervals with 10 sec of rest between each stepwise increase in flow shear stresses. All experiments were recorded on videotape for analysis. The adherent cells of interest were counted and monitored after each increase in shear stress.
Flow cytometry
The cells of interest were prepared as described above and then treated with murine anti-human CD marker primary antibodies (e.g., anti-LFA-1, anti-Mac-1 or anti-ICAM-1; 1 g Ab/10 6 cells) (CalTag Laboratories) for 30 min at 4°C. The cells were then treated with secondary antibody, FITC-conjugated goat anti-mouse IgG F(ab) 2 fragment (1 g/10 6 cells) (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) for 25 min at 4°C. The samples were fixed with 4% formaldehyde (Sigma Chemical Co.) and analyzed using Coulter EPICS XL (Coulter Corp., Hialeah, FL) flow cytometer. Control cases used to determine background fluorescence were samples treated with secondary antibody only.
Viability assays
Viability assays were performed according to manufacturer's suggested protocol (Molecular Probes, Eugene, OR; LIVE/DEAD Kit L-7013). Briefly, a stock solution of HEPES-buffered saline solution (HEPES-BSS) was made and supplemented with SYTO 10 and DEAD Red at a 1:500 dilution of each. Cells were cultured in 6-well plates, either alone (one cell type per well), in Transwell culture or in contact culture. In Transwell (Costar, Cambridge, MA) culture, C8161 cells were in the bottom well and PMNs were placed in the upper well. For Contact culture, both cell types were placed in a single well and where allowed to interact. Cell culture medium was removed from approximately 10 6 cells by centrifuging at 250g for 10 min. The cell pellet was resuspended in 200 l of the dye supplemented HEPES-BSS and incubated for 15 min at room temperature, completely protected from light. After incubation, the cell suspension was centrifuged and the dye supernatant was aspirated. The cell pellet was then resuspended in 4% gluteraldehyde in HEPES-BSS and held at 4°C for 1 hr. After 1 hr, the cells were pelleted again and the fixative was removed. The pellet was resuspended in HEPES-BSS and stored at 4°C protected from light until analysis by flow cytometry.
Protein detection and analysis (ELISA, immunoblot, and RT-PCR)
Enzyme-linked immunosorbant assay (ELISA) detection of IL-8 secretion was performed by the Penn State NIH Cytokine Core Facility. Samples were prepared from supernatant of cultured cells. Approximately 1ϫ10 6 cells, as counted via hemacytometer, were cultured in fresh medium for 6 hr. All supernatant samples were spun at 500g for 3 min to remove debris and stored at Ϫ70°C prior to analysis. In the cases of PMN and C8161 cell co-culture, the 2 cell types were cultured in 6-well plate Transwells, where C8161 cells were adherent to the bottom wells while 1ϫ10 6 PMNs were added in the 4 m insert. The 2 cell types were not in contact during either the 6 hr (ELISA and RT-PCR samples) or 24 hr (Immunoblot samples) co-culture.
Whole cell extracts were also prepared from the cells co-cultured as described above. Cells (5ϫ10 6 ) were suspended in 100 l of 2ϫ SDS running dye (0.2% bromophenol blue, 4% SDS, 100 mM Tris pH6.8, 2 mM DTT, 3 ng/ml aproptinin, 2 ng/ml pepstatin A, 1 ng/ml leupeptin, 0.8 mM PMSF, 1 mM AEBSF, 50 M bestatin, 15 M E-64 and 30% glycerol). Samples were loaded onto a 15% SDS-PAGE gel and the protein was transferred to a 0.2 m nitrocellulose filter (Schleicher and Schuell, Keene, NH) by electroblotting. The filter was blocked for 1 hr in phosphatebuffered saline containing 0.2% Tween-20 (PBST) with 5% nonfat milk (NFM). ILϪ8 was detected by diluting mouse anti-IL-8 IgG1 (0.8 g/ml; Biosource, Samarillo, CA) in PBST plus 5% NFM and incubating overnight at 4°C. Following incubation with the primary antibody, the filter was washed with PBST at room temperature 3ϫ before adding the secondary antibody (peroxidase-conjugated goat anti-mouse IgG diluted 1:5,000 in PBST with 5% NFM). After 1 hr incubation, the filter was washed again in PBST 3ϫ followed by a single wash in PBS. IL-8 was detected using the Enhanced Chemiluminescence Detection System (Amersham Biosciences, Arlington Heights, IL).
Cells co-cultured in Transwell inserts as described above were washed in cold PBS at 1.5 ϫ 10 5 cells/ml and lysed with 4 M guanidinium thiocyanate, 25 mM sodium citrate (pH 7.0), 0.5% sarkosyl and 0.1 M ␤-mercaptoethanol. RNA was then isolated by a phenol-chloroform extraction. The aqueous RNA fractions were treated with 10 units of DNase I for 20 min at 24°C to remove genomic DNA and purified with a second phenol-chloroform extraction. cDNA was prepared from 1 g of RNA, using a murine leukemia virus reverse transcriptase and random primers. Samples that did not include reverse transcriptase (RT) served as controls for genomic DNA contamination. To amplify the cDNA, a 30-cycle polymerase chain reaction (PCR) was performed for 94°C for 1 min, 55°C for 2 min, and 72°C for 3 min with 0. g of cDNA using the target primers. Interleukin-8 cDNA was amplified using the primer pair 5ЈTCTGCAGCTCTGTGTGAAGG3Ј and 5ЈTA-ATTTCTGTGTTGGCGCAG3Ј. -actin cDNA was amplified using the primer pair 5ЈCCTAAGGCCAACCGTGAAAAG3Ј and 5ЈTCTTCATGGTGCTAGGAGCCA3Ј. The cDNA was separated by electrophoresis on a 5% polyacrylamide gel and stained with ethidium bromide for imaging.
RESULTS
C8161 melanoma cells express functional ICAM-1 but not ␤ 2 -integrins
Flow cytometry was used to analyze surface expression of ␤2-integrins (e.g., Mac-1 and LFA-1) and ICAM-1 on both unstimulated and stimulated C8161 cells. No significant LFA-1 or Mac-1 adhesion molecule expression was detected above background (Fig. 2a ). No change in fluorescence level was found, as compared to the unstimulated cases, for LFA-1 or Mac-1 expression when C8161 cells were stimulated with PMA or IL-8, respec-tively (data not shown). This indicates C8161 cells do not express Mac-1 or LFA-1, which are most commonly found on leukocytes. In contrast, ICAM-1 expression on C8161 cells showed a significant shift in the fluorescence level from background and especially when the cells were stimulated with TNF-␣, suggesting C8161 cells express significant levels of ICAM-1 molecules (Fig.  2b) . The ICAM-1 expressed on C8161 cells was found to functionally bind ␤ 2 -integrin ligands as tested with an adhesion assay (data not shown).
Neutrophils enhance C8161 migration under flow conditions
C8161 cell chemotactic migration in response to type IV collagen (CIV) (100 g/ml) was characterized under both static and flow conditions (Fig. 3b) . When exposed to a shear flow (4 dyn/cm 2 ), nearly 3.5 times fewer C8161 cells migrated toward CIV than those under the no flow condition (Fig. 3a) . The static migration assays showed that C8161 chemotaxis was virtually the same in the presence or absence of PMNs ( Fig. 3a; pϭ0.47 ). The addition of PMNs to the C8161 suspension significantly enhanced C8161 migration to CIV under shear stress ( Fig. 3a; pϽ0.01) . As negative controls, NHEM (melanocytes) migration was tested under the static condition and NHEM cells were co-suspended with PMNs using the flow-migration assay to test for cell migration under shear conditions. Melanocyte chemotaxis was found to be nearly the same as background level in each case (Fig. 3a) . Fixed PMNs were used to account for the increase in cell number while not introducing biological affects. Results shown in Figure 3a indicate that when fixed PMNs are present, C8161 cells migrate at a similar level to C8161 cells alone, suggesting that doubling the cell number in the system would not change the cell migratory behavior.
Several control experiments were conducted to verify the flowmigration data. No C8161 cells were found in the chemoattractant wells after a 4 hr period of migration (data not shown), confirming our notion that C8161 cells remain adhered to the filter after migration. 30 To determine which cells had migrated. GFP/C8161 cells were used so that migrated C8161 could be differentiated from any possible migrated PMNs. GFP/C8161 cells were then subtracted from the total migrated cells to determine the number of PMNs that would migrate (Fig. 3b) . The number of PMNs that had migrated with C8161 cells was not significantly different from the number of PMNs that had migrated on their own in response to CIV, at a negligible level.
A checkerboard-type study was performed to examine the chemokinesis of C8161 in the migration chamber. Four cases were examined: 1) control media in the top and bottom well; 2) media in the top well, CIV in the bottom well; 3) CIV in both the top and bottom wells and 4) CIV in the top well and media in the bottom well. We found, as expected, migration only in the case where media was in the top well and CIV in the bottom well with a chemoattractant gradient (Fig. 3c) . The 3 other cases showed no cell migration.
C8161 cell migration to CIV was also studied for 3 different durations of time (1, 3 and 4 hr; Fig. 4a ). Very little C8161 cell chemotaxis (under 4dyn/cm 2 shear stress) occurred at the 1 hr time point with or without PMNs. C8161 migration at the 3 or 4 hr time points was significantly increased compared to the 1 hr period, especially in the presence of PMN. Migration appeared to have plateaued (3 hr vs. 4 hr with PMN; pϭ0.72). Whereas in the absence of PMNs, C8161 migration over 4 hr showed a slight increase over that with a 3 hr period (pϭ0.076).
Two different CIV concentrations (50 and 100 g/ml) were tested in the flow-migration chamber. At a lower CIV concentration, C8161 cells did not show significant migration toward CIV, with or without PMNs (Fig. 4b) . At a higher CIV concentration, C8161 cells were able to migrate at an increased level without PMNs; however, PMNs significantly enhanced C8161 migration (pϭ0.007). These results show chemotactic gradient effects on melanoma cell migration, under the influence of PMNs.
C8161 cell migration under different shear stresses (0, 2 and 4 dyn/cm 2 ) was examined (Fig. 4c) . A similar level of C8161 migration to CIV was found in the presence or absence of PMNs under static conditions, whereas under shear conditions (2 and 4 dyn/cm 2 ), PMNs significantly promoted C8161 chemotaxis (pϭ0.003 and 0.007, respectively) compared to those without PMNs.
PMN-mediated C8161 adhesion and migration is ICAM-1 dependent
Adhesion molecules involved in PMN-C8161 interaction were characterized using the flow migration chamber. Under the influence of IL-8-activated PMNs, TNF-␣-stimulated C8161 cells resulted in higher chemotaxis than TNF-␣-stimulated C8161 cells alone (pϾ0.002) (Fig. 5a ). PMA-activated PMNs produced a less significant increase in C8161 chemotactic migration (Fig. 5a ). This suggests that Mac-1 on PMNs may be involved in PMN-mediated C8161 adhesion and migration. To investigate ICAM-1 involvement in PMN-influenced C8161 migration, adhesion was tested by blocking ICAM-1 on C8161 cells with antibody treatment. Antibody (anti-ICAM-1)-treated C8161 cells migrated at a signifi- cantly lower level than untreated C8161 cells in the presence of PMNs (Fig. 5b) , exhibiting a similar level of migration of untreated C8161 cells in the absence of PMNs (Fig. 5a ). These results suggest that PMNs could mediate C8161 cell adhesion via an ICAM-1-dependant mechanism, hence enhancing melanoma migration. To test this hypothesis, untreated C8161 cells were added to anti-Mac-1 treated PMNs. Blocking Mac-1 on PMNs reduced C8161 chemotactic migration (Fig. 5b) . In addition, ICAM-1 molecules were blocked on the EI cell monolayer, preventing cell adhesion to the substrate. This even more dramatically reduced C8161 migration and brought it to nearly background levels. To test for nonspecific antibody blocking, C8161 cells treated with anti-GFP were found to migrate at the same level as untreated cells (Fig. 5b) . Together, these results suggest PMNmediated C8161 adhesion and migration under flow conditions could be via an ICAM-1/Mac-1 dependent mechanism.
C8161 and PMN aggregation results in stronger C8161 adhesion to endothelium
A parallel-plate flow chamber was used to examine possible heterotypic cell aggregation between C8161 and PMNs, which could mediate C8161 cell adhesion to the EI monolayer under shear stress. As seen from Figure 6 , TNF-␣-stimulated C8161 cells that aggregated with IL-8-activated PMNs result in stronger tumor cell adhesion to an EI cell surface than unstimulated C8161-PMN pairs. TNF-␣-stimulated C8161 cells were found to have similar adhesion characteristics as unstimulated C8161 cells. Antibody blocking either ICAM-1 on C8161 cells or Mac-1 on PMNs, respectively, reduced C8161-PMN aggregation and decreased C8161 adhesion to EI cell monolayer to a similar low level as C8161 cells alone without PMNs. This data suggests that improved cell adhesion to an ICAM-1 expressing monolayer is one of the primary mechanisms by which PMNs can influence C8161 migration.
Cell viability assessment
C8161 cells and PMNs were tested for viability in culture to determine if PMNs were cytotoxic to the C8161 cells. Three different culture conditions were assayed: 1) separate culture (single cell type); 2) Transwell culture (2 cell types noncontact coculture; data shown in Fig. 7a,b ) and 3) contact culture (2 cell types). The cells were also tested at 3 different time intervals, 4, 20 and 24 hr of culture. Figure 7 shows representative dot plots of the cells as detected by flow cytometry. The x-axis is increasing "live-cell" green fluorescence, while the y-axis is a measure of red fluorescence, which stained dead cells. The lower right quadrant is the region where the live cells fall, while the upper right quadrant encompasses dead cells. Greater than 90% of the C8161 cells and PMNs cultured alone or in Transwells were found to be alive, for all time points. Viability of PMNs that were cultured in contact with C8161 cells for extended periods of time (20 or 24 hr) was significantly less than 90%. Therefore, PMNs are not cytotoxic to the melanoma cells during the time frame of the flow migration assay (approximately 4 hr).
C8161 cells increase IL-8 production in PMNs
The possibility of secreted chemokines as a stimulus responsible for cell-cell communication between melanoma cells and PMNs was examined. ELISA and Western blot were used to assess IL-8 FIGURE 3 -(a) C8161 melanoma cell chemotactic migration to CIV (100 g/ml) over a 4 hr period. The number of migrated C8161 cells dramatically falls when the cells were exposed to 4 dyn/cm 2 of shear stress (C8161; 4dyn/cm 2 ) compared tothe migration under static condition (*pϭ0.002 with respect to "C8161; Static" case), while the presence of PMNs does not affect C8161 migration under static conditions (C8161ϩPMN; Static). C8161 cell migration is significantly higher in the presence of PMNs (C8161ϩPMN; 4dyn/cm 2 ) than those C8161 cells without PMNs under flow conditions (*pϽ0.01 with respect to "C8161; 4dyn/cm 2 " case). Melanocytes (NHEM) were used as negative controls showing that noninvasive cells do not migrate toward CIV under static (NHEM; Static) or shear conditions even in the presence of PMN (NHEMϩPMN; 4dyn/cm 2 ). Fixed PMNs were also added to C8161 suspension. Results indicate adding nonfunctional cell numbers does not promote C8161 migration. (b) PMN migration toward CIV when tested with or without GFP/C8161 cells. The number of PMNs migrated in either case is very low and not significantly different, indicating that total cells migrated (as shown in Fig. 3a) are C8161 cells. GFP/C8161 were found to migrate at the same level as nontransfected C8161 cells (data not shown). (c) C8161 cells only migrate (ϩ) in response to a gradient of type IV collagen created by placing media in the top well and CIV in the bottom well. C8161 cell migration was not found (Ϫ) when CIV was in both top and bottom wells, in top well only or not present. All results were obtained under 100 g/ml CIV and over 4 hr.
production by C8161 cells and PMNs, either with single cell type or 2 cell types in co-culture. ELISA was first used to detect background levels of secreted IL-8 in cell culture supernatant from 6 hr of culture. IL-8 production by C8161 cells was measured to be 250Ϯ15 pg/ml and 65Ϯ5 pg/ml by PMNs (Fig. 8a) . Transwell co-culture samples were found to have larger IL-8 quantities (397Ϯ20 pg/ml) that were above summed background levels. To more specifically identify which cells produced increased amounts of IL-8, cell lysates were then analyzed using Western blot. PMNs that had been Transwell co-cultured with C8161 cells contained more intracellular IL-8 as compared to PMNs cultured alone without C8161 cells (Fig. 8b) . The lane labeled IL-8 indicates the positive control lane loaded with recombinant human IL-8. In addition, C8161 cells cultured with or without PMNs were shown to contain approximately the same amount of intracellular IL-8 (Fig. 8b) . To verify these results and confirm this was not an artifact of extended co-culture, RT-PCR was performed after 6 hr of co-culture (Fig. 8c) . The cDNA levels in the PMN samples increase where as the C8161 cDNA levels did not change. A change in IL-8 production by PMNs in presence or absence of All p values are with respect to "C8161ϩPMN". Nonspecific antibody treatment was found to have no effect on the tumor cells migration (anti-GFP/ C8161ϩPMN). ICAM-1 antibody blocked C8161 cells were found to have similarly low migration to CIV, with or without PMNs (data not shown). All results were obtained under 100 g/ml CIV and 4dyn/cm C8161 cells indicates that cell-cell communication may facilitate C8161 and PMN adhesion.
DISCUSSION
Cellular extravasation requires a coordination of many cellular events and processes. Development of an in vitro assay that characterizes these processes allows the ability to isolate and characterize factors that contribute to successful or inhibited extravasation. In the case of tumor cells, shear-resistant adhesion and migration are important steps in cancer metastasis formation. No prior existing apparatus allowed both steps to be studied simultaneously. We have developed a novel flow-migration assay that allows cell-substrate adhesion and subsequent migration to be characterized and quantified in a controlled in vitro environment.
Endothelial cells transiently express ICAM-1, the ligand for ␤ 2 -integrins. It is through this receptor-ligand interaction that firm adhesion of PMNs to the blood vessel wall is achieved. However, adhesion-mediated tumor cell arrest differs from the leukocyte adhesion and migration cascade. 1, 3, 32 For example, tumor cells do not exhibit "leukocyte-like rolling" adhesive interaction with the endothelium for initial microvascular arrest (from cell lines of 6 different histological origins). 33 Several ligands for inducible endothelial adhesion molecules have been identified on various types of tumor cells. 34 Miele et al. 35 reported that a dose-and timedependent increase in surface expression of ICAM-1 was found in human malignant melanoma cells treated with tumor necrosis factor-␣ (TNF-␣). They also found that inhibiting ICAM-1 reduced melanoma lung metastasis in vivo. We have found very low levels of ␤ 2 -integrins but relatively high levels of functional ICAM-1 on C8161 cells (Fig. 2a) , as well as on another human melanoma cell line A2058 (data not shown). The relatively low surface expression of ␤ 2 -integrins by C8161 cells makes melanoma cell adhesion to endothelial ICAM-1 improbable under physiological flow conditions. A potential mechanism for allowing melanoma cell adhesion to the endothelium under shear forces could be elicitation of ␤ 2 -integrin expressing host cells in the blood circulation, e.g., PMNs, to act as a binding mediator between the tumor cell and the endothelium. Several other studies have shown the ability of lymphocytes, 36 natural killer cells 37 and monocytes/macrophages 38 -40 in mediating tumor cell metastasis. There are also reports on PMN association with tumor cells in vivo. [13] [14] [15] [16] [17] A monolayer of fibroblast L-cells transfected to express ICAM-1 adhesion molecules (termed EI cells) was used as an experimental model of endothelium. The level of ICAM-1 surface expression on the EI cells is comparable to IL-1␣-stimulated human umbilical vein endothelial cells (HUVEC), 29 29 those EI cells were not stimulated by cytokines, such as IL-8 or TNF␣; therefore changes in ICAM-1 or ␤ 2 expression were not tested in the present study. While the EI cells may not form a "cobblestone" patterned monolayer common to endothelial cells, they do form a stable monolayer that allows for cellular adhesion and requires migrating cells to crawl under to reach the micro- porous filter. In shear stability tests, an EI monolayer has been exposed to shear stress (8 dyn/cm 2 ) over a period of 4 hr with little to no disruption to the monolayer (data not shown).
Migration of C8161 cells was characterized under static and shear conditions (4 dyn/cm 2 ). Under static conditions, C8161 cells do not have any difficulty migrating through the cell monolayer due to their invasive nature. Obviously, there are no fluid shear forces challenging the cell-substrate adhesion during tumor cell migration. In this scenario, the addition of PMNs to the tumor cell suspension does not result in any increase in C8161 migration. When a shear flow is present, C8161 migration decreases significantly, indicating that C8161 cell adhesion by itself to an ICAM-1 cellular monolayer is less efficient for successful cell migration under physiological shear forces. Melanocytes (NHEM) were also used as a nonmigratory control in the flow-migration chamber. They do express ICAM-1, but have not been tested for ␤ 2 -integrin expression, as ␤ 2 -integrin expression is common mainly to leukocytes and myeloid cells. 41 Under static conditions, the NHEM cells did not migrate; they also failed to migrate in the presence of PMNs under shear conditions. While melanocytes appear to be able to adhere to collagen IV-bound substrate under static conditions, 42 haptotaxis does not occur in the case of the flow-migration assay as CIV was strictly prepared for a soluble chemotactic gradient.
Shear stress in the flow system using both melanoma cells and PMNs appears to be comparable to the shear stress using just one cell type (e.g., melanoma cells only). Doubling of the cell number in the flow system does not seem to change the hydrodynamic effect on cell migration, which could be due to a large ratio of in flow (ϳ50 ml) with respect to an increase in the number of cells (ϳ5ϫ10 6 ) that are in the system. There is a sharp drop in C8161 migration when a shear flow is present (e.g., 2-4 dyn/cm 2 ), indicating shear stress has significant effect on tumor cell adhesion and migration (Fig 4c) . The insignificant difference between the cases of 2 and 4 dyn/cm 2 suggests that while the lower shear stress is sufficient to remove unattached cells, increasing the shear stress does not influence the migratory behavior of the cells.
Adding PMNs to the migration chamber regains a significant portion of C8161 migration under flow conditions. The increase in migration is even greater when both C8161 cells and PMNs are activated with inflammatory cytokines. For example, Figure 5a shows that the migration of TNF␣-treated C8161 (TNF␣/C8161) increases C8161 migration (279Ϯ20 cells/mm 2 ) in the presence of IL-8-treated PMN (IL-8/PMN), which is 20% more than untreated C8161 cells and PMNs (232Ϯ20 cells/mm 2 ). Cytokine treatment mimics an inflammatory state and exaggerates the potential for heterotypic aggregation between C8161 cells and PMNs. TNF␣ up-regulates ICAM-1 on C8161 cells, which increases the cellular interactions via an ICAM-1/Mac-1 adhesion mechanism in the presence of IL-8/PMN. However, PMA-activated PMNs do not show as much influence on C8161 migration as the IL-8/PMN, suggesting less of a role for LFA-1 from PMNs in assisting tumor cell prolonged adhesion to the endothelium in a shear flow. This corresponds to a recent report that LFA-1 may play more of a role in "catching" rolling PMNs where as Mac-1 is primarily responsible for maintaining firm PMN-EC adhesion in a shear flow. 11 Blocking ICAM-1 on C8161 cells, even in the presence of PMNs, significantly reduces tumor cell migration. ICAM-1 blocked C8161 cells were found to have similar migration level with or without PMNs. Also blocking the Mac-1 on PMNs reduces C8161 migration. These findings strongly indicate that C8161 cells adhesion and migration under flow conditions is strongly mediated by PMNs via ICAM-1/Mac-1 adhesion interactions. An increase in melanoma cell migration as a result to the presence of PMNs has also been found in another metastatic melanoma cell line A2058 (data not shown).
Results also show that C8161-PMN aggregates adhere more strongly to ICAM-1 expressing EI cell substrate than single-type C8161 cells. PMNs that highly express Mac-1 and LFA-1 could possibly form a bridge and bind to both the ICAM-1 expressing C8161 and the EI cell monolayer. Antibody blocking of ICAM-1 on C8161 cells or blocking Mac-1 on PMNs dramatically reduces the C8161-PMN aggregation and subsequent C8161 adhesion to EI cells under increasing shear stresses, although ICAM-1 blocking appears to have more profound influence on C8161-PMN adhesion than Mac-1 blocking (Fig. 6) . Another corroborating piece of data is that blocking the ICAM-1 on the EI monolayer, thereby preventing all adhesion to the monolayer, reduces C8161 migration more than 5-fold (Fig 5b) . These assays give experimental evidence that implicate ␤ 2 -integrin and ICAM-1 interactions in regulating C8161/PMN conjugate adhesion to the endothelial surface.
Melanoma cells and PMNs used in the assays were stimulated with proinflammatory cytokines (e.g., TNF-␣, IL-8, etc.) to stimulate adhesion molecule expression. These cytokines were not necessarily used to mimic a particular stage of the metastasis cascade, but C8161 cells and PMNs were found to secrete such cytokines and therefore have the potential to cross activate cells and promote cell-cell adhesion. Some other studies have also showed that IL-8 promotes the growth of some tumors and production is associated with metastatic potentials. 22 The nature of PMNs give cause to question their effect on C8161 cells in terms of cytotoxicity. Viability studies verify that within the time frame of the flow-migration assay (4 hr) the vast majority (greater than 90%) of C8161 cells and PMNs are alive when either cultured separately, together but separated by Trans-FIGURE 8 -Protein detection assays for IL-8 production by C8161 cells and PMNs. In general, cells were cultured in standard 6-well plates (for single-type cell culture) or Transwells (for 2 cell-type co-culture). (a) ELISA quantified background IL-8 production by PMNs to be 65Ϯ5 pg/ml, by C8161 cells to be 250Ϯ15 pg/ml and quantities above the sum (397Ϯ20 pg/ml) were found in co-culture supernatant after 6 hr of incubation. well filters, in direct contact with each other, or suspended together in media. It is only in the case of direct contact culture for extended periods of time (20 -24 hr) that there is significant cell death by C8161 cells. It is also in this extended time frame that PMNs no longer remain viable in culture.
PMN-C8161 attachment to the endothelium creates a microenvironment that is potentially self-stimulatory. Analysis of cytokine production by each of the 2 cell types during co-culture shows that proximity and cell-cell communication cause changes in IL-8 production. ELISA assays indicate that C8161 cells produce relatively high amounts of IL-8, but in contrast, PMNs do not when unstimulated. In Transwell co-culture with C8161 cells, PMNs significantly increase IL-8 production as determined by immunoblot. The trend of increasing amounts of IL-8 in PMNs during co-culture vs. constant expression by the C8161 cells was verified by RT-PCR. Because melanoma cells have not been found to express CXCR1 or CXCR2, 43 soluble IL-8 as released by C8161 cells and PMN would mainly have the environmental effect of stimulating nearby endothelium and leukocytes or potentially have an autocrine affect on PMNs, not melanoma cells themselves. Increased IL-8 secretion by PMNs in the presence of C8161 cells would potentially provide a mechanism by which C8161 cells and PMNs can influence their microenvironment. For example, we have found that after 4 hr of contact-culture, PMNs express Mac-1 significantly above basal levels (data not shown). Recent reports confirm that ␤ 2 -integrin expression on PMNs is increased by IL-8. 44 ICAM-1 expression on C8161 cells after 4 hr of co-culture also increased but to a lesser extent (data not shown). Up-regulation of adhesion molecules in response to cytokine signaling is important in initiating C8161-PMN aggregation and tumor cell adhesion to an endothelial surface under flow conditions, which directly affect subsequent tumor cell chemotactic migration during the extravasation process. Studies to characterize the adhesion of tumor cells to PMNs on a substrate are underway and will help delineate the role of PMNs in aiding adhesion vs. the role they have in tumor cell migration and metastasis.
